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Rare processes

Introduction

 TJop quark is the most most massive fundamental particle
 The Yukawa coupling to Higgs field is ~1
* Do not hadronize: Decays before hadronization time scale.
* Probe for testing Standard Model and BSM Physics
* Test pQCD predictions at NNLO precision, Constrain PDF’s

» Precision SM measurements (top mass, |V, |)

 Search for anomalous couplings, ¢f resonances, W' search

Pair production Single top production




tt pair production

 |ess precise

 Probe boosted top topologies
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« Background: Wt, di-boson, z — ©

High statistics

Backgrounds: W+jets, Multi-jet
Multiple control regions




tt pair production

Inclusive tt cross section [pb]
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Tevatron combined 1.96 TeV (L < 8.8 fb )
ATLAS dilepton* 5.02 TeV (L = 257 pb™)

ATLAS en 7 TeV (L = 4. 6 fb™)

CMSeu7TeV (L=5fb")

ATLAS en 8 TeV (L =20.2 fb h

CMSeu8TeV (L=19.7 fb™)

LHC combined eu 8 TeV (L = 5 3-20.3 fb™) LHCIop WG
ATLAS en 13 TeV (L = 36.1 fb )

CMSeun13TeV (L=35.91b7)

CMS t+e/n 13 TeV (L=35.9 fb z

ATLAS+CMS Preliminary
CMS combined ey, I+jets* 5. 02 TeV (L = 27.4-304 pb™) LHCtOp WG  September 2021

ATLAS l+jets 13 TeV (L =139 fb ) i '
CMS l+jets 13 TeV (L=137 fb™)
CMS all-jets* 13 TeV (L=2.53 fb™
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Many measurements from
ATLAS and CMS
experiments at 5, 7, 8 and
13 TeV.

Very good agreement
between measurements

and theory predictions



tt pair production: Differential TR

 Measurements (single, double and triple differential) in several kinematic variables available.

 Showing only results from |+jets analysis.  Limits on Wilson coefficients of dim-6 EFT operators.
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« NNLO corrections relevant: reweighted MC * Leading uncertainty: Top modeling

* Jet uncertainties reduced by application of Jet Energy
Scale Factors
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predictions shows good agreement with data.

All hadronic results ATLAS-CONF-2021-050



http://cdsweb.cern.ch/record/2777237/files/ATLAS-CONF-2021-031.pdf
https://cds.cern.ch/record/2782534/files/ATLAS-CONF-2021-050.pdf

tt pair production: Differential
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« Unfolded kinematic variables in various bins of invariant mass of ¢f pair

 (Good agreement for “POW+PYT” and “POW+HER”

* Total uncertainties are dominated by the systematic uncertainties. Largest uncertainty associated with Jet Energy Scale
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http://dx.doi.org/10.1140/epjc/s10052-020-7917-7

Single top production q q

~ ATLAS+CMS Preliminary t-channe -
LHCtopWG ATLAS PRD90(2014) 112006, EPJC 77 (2017)531, JHEP 04 (2017) 086 +
T ® CMS JUHEP12(2012)035, JHEP 06(2014)090, PLB800 (2019) 135042 W

Sing|e top-quark production ¢ ATLAS+CMS HeP05(2019)088
November 2020 W
B ATLAS PLB716(2012)142, JHEP01(2016) 064, JHEP 01(2018)063
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CMS PRL110(2013)022003, PRL 112 (2014) 231802, JHEP 10(2018) 117
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'  Theory predictions in good

\s [TeV] agreement with measurement




ATLAS-CONF-2021-027

Single top: t-Channel, Polarization Top quark in t-channel single top

Production production is polarized.

e Polarization vector is extracted as a

’

X

function of cos0);;
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https://cdsweb.cern.ch/record/2773738

Single top: t-Channel, Polarization
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(EFT interpretation)

« Dim-6 EFT operator coefficients ( O, ) extracted.
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https://cdsweb.cern.ch/record/2773738

tZq: Differential and inclusive measurement
q

« Only small QCD corrections. Precise tZ coupling

+ measurement possible
w Z I 138167 (13 TeV) I 138 16 (13 TeV)
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Observed / Predicted * Inclusive measurement from ATLAS: J. High Energ. Phys. 2020,

» Systematics are dominated by signal 124 (2020)

and t1Z scale variations. 10
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Rare process: fftt production
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Diagram with offshell Higgs sensitive to top Yukawa coupling

Enhancement to the cross-section is expected from BSM contributions

Eur. Phys. J. C 80 (2020) 75, Eur. Phys. J. C 80 (2020) 1085

First Evidence from ATLAS
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Leading uncertainties:

« 11X modeling, Jet, b-tagging
and sighal modeling
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http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2018-05/

Rare process: tftt production

ATLAS+CMS Preliminary
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Flavour changing neutral currents Most stringent imit BR(t = 1) : 62 105

ATLAS-CONF-2021-049
wlc z ATLAS+CMS Preliminary September 2021
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https://cds.cern.ch/record/2781174/files/ATLAS-CONF-2021-049.pdf

Conclusion

 With LHC delivering millions of top quark events, top physics has entered precision measurement era
 ATLAS + CMS performed many precision measurements

 Recent measurements agree with the Standard model quite well
* Probed rare processes like the production

* More precise and measurements

* Understanding of detector and physics modeling
* Largest experimental uncertainty from

* Theory uncertainty limited by modeling of

14






tt production

Inclusive

ATLAS+CMS Preliminary
LHCtop WG

NNLO+NNLL PRL 110 (2013) 252004
"""" My, = 172.5 GeV, a (M ) =0.118:0.001

scale uncertainty
scale ® PDF ® O uncertainty

EPJC 77 (2017) 15,L,, = 19.6 fb’

o ; summary, Vs =8 TeV

ATLAS, lepton+jets s
arXiv:1712.06857, L, =20.2fb" :
CMS, lepton+jets | |

ATLAS, 1, +jets : -
PRD 95 (2017) 072003, L, , = 20.2 b

' =int

CMS, lepton+t, .
PLB 739 (2014) 23, L, = 19.6 b’
ATLAS, dilepton en

EPJ C74 (2014) 3109, EPJ C76 (2016) 642,
L, =202fb"

CMS, dilepton (ee, uu, ew)

JHEP 02 (2014) 024, L, =5.3fb"

LHCtopWG, L =5.3-20.3b™
ATLAS-CONF-2014-053, CMS-PAS TOP-14-016
CMS, dilepton e

JHEP 08 (2016) 029, L, =19.7fb"

LHC combined eu (Sep 2014) | |

May 2018

———
total stat
O * (stat) = (syst) = (lumi)
248.3 + 0.7+ 13.4 = 4.7 pb
228.5+ 3.8+ 13.7+ 6.0 pb
239+4 +28+5pb
257 +3 24 + 7 pb

2429 +1.7+55+5.1pb

239.0+21+11.3+6.2pb

2415 +1.4 + 5.7 =+ 6.2 pb

+6.3

2449 1.4 723 + 6.4 pb

CMS, all jets =
EPJ C76 (2016) 128, L, =18.4fb"

L ol
&

|
275.6 + 6.1+ 37.8 + 7.2 pb

NNPDF3.0 JHEP 04 (2015) 040

MMHT 14 epu c75 (2015) 5
CT14 PRD 93 (2016) 033006

ABM12 PRD 89 (2015) 054028
[a,(M,) =0.113]

200 2
O
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ATLAS+CMS Preliminary
LHCfop WG o, - summary, Vs=13TeV September 2021
NNLO+NNLL PRL 110 (2013) 252004 C L
"""" m,,, = 172.5 GeV, a (M ) = 0.118:0.001 L
scale uncertainty total stat _
scale ® PDF ® o, uncertainty o, = (stat) = (syst) = (lumi)
ATLAS, dilepton ep. H 826+ 4 =12+ 16 pb
EPJC 80 (2020) 528, L =36.11fb”
ATLAS, l+jets 4 830+ 0.4+ 36+ 14 pb
PLB 810 (2020) 135797, L =139 b
CMS, dilepton ep R 746 + 58 + 53 = 36 pb
PRL 116 (2016) 052002, L =43 pb™, 50 ns :
CMS, dilepton e e 803+ 2 25z 20 pb
EPJC 79 (2019) 368, L =35.9 fb”, 25 ns
CMS, dilepton t+e/u |—H 781+ 7 + 62 + 20 pb
JHEP 02 (2020) 191, L =35.91b™, 25 ns
CMS, l+jets ‘4] 888x 2:26+20pb
JHEP 09 (2017) 051, L =22fb", 25 ns
CMS, all-jets * —te+—| 834:25:118=23pb
CMS-PAS TOP-16-013, L =2531b", 25 ns
CMS, I+jets 4 : 791+ 1+ 21+ 14 pb
arXiv:2108.02803, L. =137fo", 25 ns
NNPDF3.0 JHEP 04 (2015) 040
MMHT14 EPJC 75 (2015) 5
* Preliminary
CT14 PRD 93 (2016) 033006
ABM12 PRD 89 (2015) 054028
[as(mz) = o.113]
I|III|III|III|III|III|III|
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ATLAS+CMS Preliminary

LHCtopWG o; summary, Vs =7 TeV Nov 2017
NNLO+NNLL PRL 110 (2013) 252004
"""" Myop = 172.5 GeV, o, (M) = 0.118:0.001
scale uncertainty . total stat
scale @ PDF ® a4 uncertainty
O; % (stat) = (syst) = (lumi)
ATLAS, l+jets - 179 +4 +9 = 7 pb L, =07 b
ATLAS, dilepton (*) e 1786} *Spb L, =07 fb"
ATLAS, all jets (*) | - 167 + 18 = 78 = 6 pb L =1.0f"
ATLAS combined -t 177 £3' +7pb L, =0.7-1.0 fb"
CMS, I+jets (*) ot 164 +3 +12 =7 pb L,,=0.8-1.1b"
CMS, dilepton (*) —tot— 170 + 4 =+ 16 = 8 pb L =1.11fb"
CMS, T, _+u (%) — * = 149 + 24 + 26 = 9 pb L,=1.11b"
CMS, all jets (*) I : ° — 136 = 20 + 40 = 8 pb L =111
CMS combined F—io—i 166 + 2 +11 =8 pb L,,=0.8-1.1fb"
LHC combined (Sep 2012) LHCIOpWG -+ 173 + 2+ 8 =+ 6pb L,,=0.7-1.1fb"
ATLAS, l+jets, b—Xuv s 165 +2 =17 = 3 pb L, =47 fo"
ATLAS, dilepton ep, b-tag HlH 1829 +31+42+3.6pb L =461
ATLAS, dilepton ey, N,.ets-E?iss - 181.2+28°. £33pb L 461"
ATLAS, 1, tets b H—— 1194 + 18 + 46 pb L, =17 b
ATLAS, all jets : —a— i 168 =12"% +7pb L =47 b
ATLAS, t, .+ —t——d 183 +9 =23 = 3 pb L,=461b"
CMS, I+jets F—e—: 161.7 +6.0 + 120 £ 3.6 pb L =501"
CMS, dilepton ep HeH 173.6 £21°50 +38pb L, =501’
CMS, 1, + ———— 143 + 14 + 22 + 3 pb L =221
CMS, t,  +ets b —o—t 1 152 + 12+ 32+ 3 pb L,=3.9 fb”
CMS, all jets I +—o— i 139 +10+26 + 3 pb L,=3.5fb"
(*) Superseded by results shown below the line
NNPDF3.0 JHEP 04 (2015) 040
MMHT14 EPJC75 (2015) 5
CT14 PRD 93 (2016) 033006
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tt Differential: Jet Energy Scale Factors
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Differential: Uncertainties
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Single top: EFT interpretation

* The solid line corresponds to the EFT prediction using the best-fit values for the Wilson coefficients
C,. =04and C,y=0.3
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Single top production: Differential
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t/q: Differential and inclusive measurement CMS-PAS-TOP-20-010
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https://cds.cern.ch/record/2771809

Associated 77X production

ATLAS+CMS Preliminary —
LHCIODWG Vs = 13 TeV, September 2021
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ATLAS+CMS Preliminary Mp SUMmary, ¥s = 7-13 TeV  September 2021
Top quark mass | weweve
"""" World comb. (Mar 2014) [2] I vt i
stat total stat
total uncertainty m,,, + total (stat + syst) Vs Ref.
LHC comb. (Sep 2013) LHCtopwG 173.29 + 0.95 (0.35 = 0.88) 7 TeV [1]
World comb. (Mar 2014) 173.34 = 0.76 (0.36 = 0.67) 1.96-7 TeV [2]
ATLAS, l+jets 172.33 = 1.27 (0.75 = 1.02) 7 TeV [3]
ATLAS, dilepton 173.79 = 1.41 (0.54 = 1.30) 7 TeV [3]
ATLAS, all jets 1751+ 1.8 (1.4 1.2) 7 TeV [4]
ATLAS, single top | 1722+ 2.1 (0.7 = 2.0) 8 TeV [5]
ATLAS, dilepton 172.99 = 0.85 (0.41 = 0.74) 8 TeV [6]
ATLAS, all jets 173.72 + 1.15 (0.55 = 1.01) 8 TeV [7]
ATLAS, I+jets 172.08 + 0.91 (0.39 = 0.82) 8 TeV [8]
ATLAS comb. (Oct 2018) 172.69 = 0.48 (0.25 = 0.41) 748 TeV [8]
ATLAS, leptonic invariant mass (*) 174.48 + 0.78 (0.40 = 0.67) 13 TeV [9]
CMS, |+jets 173.49 = 1.06 (0.43 = 0.97) 7 TeV [10]
CMS, dilepton 172.50 = 1.52 (0.43 = 1.46) 7 TeV [11]
CMS, all jets 173.49 + 1.41 (0.69 = 1.23) 7 TeV [12]
CMS, l+jets 172.35 + 0.51 (0.16 = 0.48) 8 TeV [13]
CMS, dilepton 172.82 = 1.23 (0.19 = 1.22) 8 TeV [13]
CMS, all jets 172.32 + 0.64 (0.25 = 0.59) 8 TeV [13]
CMS, single top 172.95 = 1.22 (0.77 = 0.95) 8 TeV [14]
CMS comb. (Sep 2015) 172.44 + 0.48 (0.13 = 0.47) 748 TeV [13]
CMS, l+jets 172.25 + 0.63 (0.08 = 0.62) 13 TeV [15]
CMS, dilepton 172.33 = 0.70 (0.14 = 0.69) 13 TeV [16]
CMS, all jets 172.34 + 0.73 (0.20 = 0.70) 13 TeV [17]
CMS, single top 172.13 + 0.77 (0.32 + 0.70) 13 TeV [18]
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